McrBC complexes are motor-driven nucleases functioning in bacterial self-defense by cleaving 14 foreign DNA. The GTP-specific AAA+ protein McrB powers translocation along DNA and its 15 hydrolysis activity is stimulated by its partner nuclease McrC. Here, we report cryo-EM 16 structures of Thermococcus gammatolerans McrB and McrBC, and E. coli McrBC. The McrB 17 hexamers, containing the necessary catalytic machinery for basal GTP hydrolysis, are 18 intrinsically asymmetric. This asymmetry directs McrC binding so that it engages a single active 19 site, where it then uses an arginine/lysine-mediated hydrogen-bonding network to reposition the 20 asparagine in the McrB signature motif for optimal catalytic function. While the two McrBC 21 complexes use different DNA-binding domains, these contribute to the same general GTP-
INTRODUCTION 1
Infections by antibiotic-resistant bacteria pose a serious threat to human health (Resistance, 2 2016; Solomon and Oliver, 2014). The slow progress in developing new drugs to combat these 3 emerging 'superbugs' and the rapid exchange of resistance genes among microbial populations 1999a). All McrB homologs contain a conserved consensus sequence of MNxxDRS that 23 replaces the AAA+ sensor I motif and is predicted to function as a G4 element, which confers Given the widespread distribution of mcrBC genes among diverse bacteria and archaea, we 20 sought to examine the structural and biochemical properties of different McrB homologs to 21 understand how these AAA+ enzymes have evolved to preferentially bind and hydrolyze GTP.
22
Our previous work identified the archaeal McrB homolog from Thermococcus gammatolerans 23 (TgMcrB) as an ideal candidate for structural studies given its compact size and increased 24 thermostability (Hosford et al., 2020). The purified AAA+ domain from TgMcrB (TgMcrB AAA ) 25 forms stable oligomers even in the absence of nucleotides ( Figure S1a ). Single-particle cryo-EM 26 analysis of purified TgMcrB AAA incubated with the non-hydrolyzable GTP analog GTPγS yielded 27 a density map at an overall resolution of 3.1 Å with no symmetry imposed (Figures 1 and S1 ).
28
The cryo-EM map reveals that TgMcrB AAA forms a ring-shaped, homohexameric assembly with 29 six nucleotides bound at the subunit interfaces, similar to the closed-ring assembly seen in Type 
33
(Supplementary Data S1 and S2). The TgMcrB AAA hexamer is asymmetric with four tight 34 5 interfaces (between monomers B/C, C/D, D/E, and E/F) that bury a surface area ranging from 1 2393 to 2554 Å 2 and two loose interfaces (between monomers A/B and F/A) that bury surface 2 areas of 1519 and 1772 Å 2 (Figure 1c ). Tight interfaces feature a hydrogen bond between 3 Asp420 in one monomer and Arg360 in the adjacent monomer ( Figure 1d ). Arg414 from the first 4 monomer also extends into the neighboring monomer, where it forms hydrogen bonds with 5 Glu527 and π-stacking interactions with Tyr530 ( Figure 1d ). These interactions are absent at 6 the loose interfaces, where Glu527 instead interacts in trans with Arg424 ( Figure 1e ). All of 7 these residues are highly conserved amongst McrB family proteins (Supplementary Data S1).
8
To determine if these interface residues affect McrB's catalytic turnover, we mutated 9 each side chain individually to alanine in the context of TgMcrB AAA and measured basal GTPase 10 activity using a colorimetric assay. All mutants show an approximate two-fold increase in 11 hydrolysis activity compared to that of the wild-type protein ( Figure S1i ). Alanine substitution of 
15
In parallel, we also determined the structure of TgMcrB AAA in the presence of GTPγS by 16 X-ray crystallography at 2.95-Å resolution ( Supplementary Table S1 ). Symmetry-related 17 hexamers abut against each other in the crystal lattice, deforming the planar arrangement of the 18 six subunits in each molecule. This produces an 'open-ring' conformation with the subunits at 19 one interface significantly splayed apart and the small subdomain of the A subunit highly 20 disordered ( Figure S1j ). The individual TgMcrB AAA monomers, however, adopt the same overall 21 conformation and organization of nucleotide binding as is observed in the cryo-EM 22 reconstruction ( Figure S1k ), suggesting the distorted appearance of the hexamer is an artifact of 23 crystal-packing forces that strain the loose interfaces. cofactor and acts in concert with a polar residue in the Sensor I motif to orient the catalytic water 8 for nucleophilic attack on the γ-phosphate. The Sensor II motif localizes to helix 7 and contains 9 a conserved arginine that interacts with the γ-phosphate. By convention, the subunit contributing 10 these structural motifs to the nucleotide-binding pocket is referred to as the cis subunit. The 
27
replaces Sensor I and is located close to the γ-phosphate ( Figure 2 and Supplementary Data 28 S1). Asn410Ala and Asp413Ala mutants significantly impair basal GTPase activity ( Figure 2d ), 29 suggesting they are critical for catalytic turnover, rather than for nucleotide binding as was 
31
His501 and Trp223 in the cis subunit sandwich the guanine base of GTPγS (Figure 2a ).
32
His501 is situated above and forms a hydrogen bond with the 7' nitrogen. Trp223, which lies 33 adjacent to the Walker A motif, forms a unique parallel π-stacking interaction from below that 7 has never been observed nor predicted for any GTPase or AAA+ protein ( Figure 2d ) and causes the protein to aggregate, as seen by negative-stain EM imaging ( Figure   3 2e). These observations indicate that π-stacking is critical for both McrB GTP binding and the 4 stability of the oligomeric assembly. Interestingly, the analogous residue (Phe209) was never 5 mutated in previous studies of EcMcrB as it is not strictly conserved across the McrB family. We 6 do note, however, that every homolog contains a residue at this position that is capable of π-7 stacking (Trp, Phe, Tyr or Arg) ( Figure 2c and Supplementary Data S1).
8
The trans subunit also contributes numerous conserved side chains that stabilize 9 different portions of the bound nucleotide. Asp377 interacts with the 3' ribose hydroxyl group 10 while Glu375 and Lys378 coordinate the α-phosphate ( Figure 2b and Supplementary Data S1).
11
Mutations of these side chains had negligible effects on basal GTPase activity ( Figure 2d ).
12
Arg426 in helix α11 acts as the charge-compensating arginine finger, here forming hydrogen Figure S2a ). Initial image processing showed that the complex 29 consists of two TgMcrB hexamers connected through TgMcrC dimerization ( Figure S2b ).
30
Because of structural variability, however, we were only able to refine a 'half'-complex ( 
8
The resolution of our reconstruction allowed us to build the TgMcrC structure de novo. To establish whether different homologs use a conserved mechanism for stimulated hydrolysis, 20 we determined the single-particle cryo-EM structure of the complex formed by the full-length E. Arg414, Asp420 and Arg424 in its neighbor -acting in trans. Alanine substitutions of these 6 residues increase basal GTPase activity by ~two-fold ( Figure S1i ), suggesting they help restrict 7 uncoordinated, random GTP hydrolysis throughout the hexamer. The asymmetry in the ring also 8 explains how crystal packing forces could distort the hexamer at the two loose interfaces 9
leading to the open ring conformation observed in our TgMcrB AAA X-ray structure ( Figure S1j ). (Figure 4c ) and, via a 6 hydrogen-bonding network, reposition a conserved asparagine (Asn410 TgMcrB and Asn333 EcMcrB ) 7 that in turn correctly orients the catalytic water for nucleophilic attack on the γ-phosphate 8 (Figures 4b and 5e ). This conserved molecular mechanism thus represents a unique variation 9 on a common theme. We note that the helical bundle of the McrC finger domain wedges into the 
33
Weakening the E/F interface would destabilize the interactions with the helical bundle that anchor the finger domain (Figure 3f ), thereby releasing McrC and allowing it to rotate. The 1 asymmetry of the structure would bias the movement in a clockwise direction as the helical 2 bundle of the finger domain would not be able to associate with the loose F/A interface and thus 3 would have to intercalate into the D/E interface. This engagement would orient McrC to insert its 4 catalytic arginine/lysine into the C/D active site, where it could trigger the next hydrolysis event 5 to power the motor (Figure 7) . The extensive contacts formed between the helix-loop-helix tip of 
